Quantum chemical computations predict that compression of the methane dimer to an internuclear separation lower than 2 Å facilitates a concerted coupling and dissociation of C-H bonds of the molecules to form ethane/ethylene. In this bimolecular, concerted mechanism, ethane formation is accompanied by production of H radicals from each methane moiety that may further abstract hydrogen atoms to lead to ethylene formation. Alternatively, transformation to ethane and ethylene proceeds via stepwise molecular hydrogen elimination, with the first eliminated hydrogen molecule originating from one of the methane moieties, accompanied by an intermolecular hydrogen transfer, and the second originating from both methyl groups.
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INTRODUCTION
Methane is the most abundant hydrocarbon in the universe and is part of many planetary systems, [1] making it a molecule of particular interest for astrophysicsts, astrochemists, and spectroscopists. [2] On earth, it exists in plentiful amounts in the form of resources like natural gas [3] and natural gas hydrates. [4] Its utilisation to make value added chemicals and larger hydrocarbons has been a challenge to industrial chemists and the catalysis community. [5] Being the smallest hydrocarbon, it is also a prototype polyatomic molecule to investigate hydrocarbon chemistry and reaction dynamics, making it a favourite amongst theoretical and physical chemists as well. [6] Weak dispersion or van der Waals forces have been shown to define the interaction of small non-polar alkanes like methane. [7, 8] Interaction between methane molecules and the formation of dimers which are weak van der Waal's complexes have been the subject of numerous investigations. [7, [9] [10] [11] [12] [13] [14] It is typically accepted that these non-covalent interactions are best understood using high level electronic structure methods that include electron 3 correlation such as coupled cluster theory with up to (pertubative) triple excitations CCSD(T) together with sufficiently large basis sets, and by applying suitable corrections. [13] The potential energy curve of the methane dimer obtained using second order perturbation theory [15] or CCSD(T) methods is characterised by a shallow well with a long range attractive tail on one side and a steeply rising head on the other. [11] The interaction energy of methane molecules in the dimer is estimated to be 1.6-2.4 kJ mol -1 with an equilibrium separation of 3.6 Å to 3.7 Å. [10, 11] Many computational investigations aimed at obtaining an accurate description of the inter-molecular potential energy surface (PES) of the homo-dimer of methane, dimers with other small molecules (SiH4, CCl4, etc.) and of small alkanes. The PES is crucial to investigate their dynamical, fluid and condensed phase properties. [16, 17] In spite of the vast literature on the homo-dimer of methane, characterisation of the PES of the methane dimer at inter-nuclear distances much shorter than the equilibrium separation has not been reported. Moreover, methane molecules are known to dissociate and recombine into larger hydrocarbons at extremely high pressures and temperatures, such as those existing in the interior of planets. [18] [19] [20] The mechanism of such dissociation and formation of larger hydrocarbons involving mechanical impact and collision of methane molecules may be bimolecular. The conversion of methane to ethane, ethylene, ethyne, benzene and so on in noncatalytic pyrolysis processes is believed to proceed by its unimolecular dissociation to form CH3 radicals. [21] These radicals couple to form ethane from which ethylene and other hydrocarbons may be formed. [21] Meanwhile, a bimolecular concerted mechanism for the dissociation and coupling of methane molecules has not been reported in the literature. Here, we present a concerted 'coupling-induced dissociation reaction' pathway with transition states (TSs) and energetics for the dissociation of strong C-H bonds of methane and its direct transformation to ethane and ethylene 4
COMPUTATIONAL METHODS
The geometry of the methane dimer in the D3d configuration [11] was optimised using second-order Møller-Plesset (MP2) perturbation theory and the augmented correlationconsistent aug-cc-pVTZ basis set, [22] with the GAUSSIAN 09 package. [23] The potential energy of the methane dimer for C-C distances between 1.6 Å and 3.7 Å was also calculated by constrained geometry optimisation. A tight convergence criterion for the geometry and wavefunction was employed in all calculations. Energies were subsequently recalculated for the optimised structures using the coupled cluster with single, double, and (pertubative) triple excitations CCSD(T) method and the aug-cc-pVTZ basis set to obtain the potential energy curves shown in Fig. 1 . The counterpoise correction method of Boys and Bernardi [24] was adopted to correct for basis set superposition error (BSSE). Molecular structures and vibrational modes were visualised and analysed using GaussView 05. [25] All values reported from our calculations are electronic energies unless specified otherwise.
Transition state (TS) searches were performed using UMP2/aug-cc-pVTZ and the existence of a single imaginary frequency in the vibrational frequency analysis confirmed the TS nature of the stationary point. The TSs were further connected to reactants and products by intrinsic reaction coordinate (IRC) calculations. Since UCCSD(T) is suggested to be the most accurate among the single reference computational methods, [26] energies were recalculated with UCCSD(T)/aug-cc-pVTZ. The activation enthalpies and free energies were estimated within the rigid rotor-harmonic oscillator approximation based on UMP2 geometries and harmonic frequencies at temperatures of 300 K and 1250 K, with the UCCSD(T)//UMP2/augcc-pVTZ potential energies. 
RESULTS AND DISCUSSION
3.1.Relaxed Methane Dimer Along the C-C Distance Coordinate
The MP2 and CCSD(T)//MP2 potential energy curves of the methane dimer in the D3d configuration, with the hydrogen atoms in a staggered arrangement, [11, 27] as a function of the C-C distance are shown in Fig.S1 of the Supplementary Information. All the C-H bonds in the molecules were fully relaxed, allowing them to stretch and bend. The same curves are shown in Fig.1a with energy values relative to the methane dimer. 
3.2.Coupling-induced Dissociation of Methane Molecules to Form Ethane and Ethylene
To investigate the coupling-induced dissociation mechanism, a transition state search was performed, starting with the distorted dimer structure at the C-C distance of ~1.6 Å. The UMP2/aug-cc-pVTZ method was found to compare well with the UCCSD/aug-cc-pVTZ In the pyrolysis of methane, the formation of ethane in the gas phase is typically expected to be the result of unimolecular dissociation of methane into methyl radicals, which subsequently couple to yield ethane. Based on the active thermochemochemical .
[29] For gas phase radical reactions such as these, the activation energy barriers are nearly the same as the BDE. [30] In this context, the activation barrier for the direct formation of ethane by the concerted mechanism via TS1 is higher than that of the pyrolysis pathway and is a possible explanation as to why this concerted pathway may not be observed under typical pyrolysis conditions.
The particularly high energy barrier for this bimolecular coupling-induced dissociation pathway via TS1 is due to the strong repulsion between the molecules and the distortion required from their equilibrium structures along the C-C distance coordinate. According to Bickelhaupt and co-workers, [31, 32] Realistic high-energy collisional impact of methane molecules may involve a nonsymmetric approach and highly distorted non-equilibrium geometries, unlike those presented here. Finite temperature molecular dynamics simulations are ideal to investigate such scenarios. To investigate the validity of the proposed mechanism in the event of non-idealised collision scenarios, we simulated the collision and coupling induced dissociation of methane using ab initio molecular dynamics (AIMD) simulations with the meta-dynamics algorithm [33] . Details regarding the computational methodology adopted for these simulations and a note on the inherent deficiencies of the methodology are provided in section S1 of the Supplementary Information. The AIMD-meta-dynamics simulations of the coupling induced dissociation of two methane molecules also demonstrate the direct formation of ethane and two hydrogen radicals through a potential saddle point structure resembling TS1, which is shown in Fig.2 . The highly distorted structure resembling the TS1 structure is shown in Fig.S3a of the Supplementary Information and the trajectory is provided as supplementary movie S1.
3.3.Alternate Pathway for the Coupling-induced Dissociation of Methane Molecules to Form Ethane and Ethylene
When the approach of the methane molecules is not head-on and symmetrical, the formation of ethane may proceed via a non-symmetric TS, in a methylene radical-like pathway with elimination of a hydrogen molecule from one of the methane molecules, as shown in Fig.3 .
This elimination proceeds with simultaneous transfer of hydrogen from the methane molecule to the methylene radical. The energy barrier for this coupling-induced transformation of two methane molecules into ethane and a hydrogen molecule via TS3 (shown in Fig. 3 Fig.3 . This structure is shown in Fig.S3 of the Supplementary Information and the trajectory is provided as supplementary movie S2. in the literature. [34, 35] Similarly, the transformation of ethane to ethylene, although not spontaneous, is more favourable at higher temperatures. From Table 2 , it can be deduced that stepwise transformation of methane via ethane is the most favourable pathway for formation of ethylene from methane. 
